INTRODUCTION
============

The unfolded protein response (UPR) is an interorganella communication system that is activated to maintain the homeostasis of the endoplasmic reticulum (ER), where newly synthesized secretory and transmembrane proteins are folded and assembled. When unfolded proteins accumulate in the ER, eukaryotic cells from yeast to humans transmit an ER stress signal to the nucleus to enhance transcription of ER quality control proteins such as ER-localized molecular chaperones and folding enzymes (collectively termed ER chaperones hereafter) and components of ER-associated degradation (ERAD). These in turn enhance the cell\'s capacity for productive folding and degradation, respectively ([@B10]; [@B17]; [@B16]).

The prototype of the UPR was originally discovered in the 1970s in studies of the virus-induced transformation of mammalian cells. These identified two cellular proteins induced by the glucose starvation that resulted from the rapid growth of transformed cells ([@B18]). Later work showed that these glucose-regulated proteins (GRP78 and GRP94) were major ER chaperones ([@B14]; [@B19]) and that the trigger for their induction was the accumulation of unfolded proteins in the ER ([@B8]). The transcriptional induction of GRPs thus represented a homeostatic response to ensure the function of the ER.

Nonetheless, analysis of the molecular mechanism of the UPR did not advance in mammalian cells in the 1980s and early 1990s; rather, major progress was made using the budding yeast Saccharomyces cerevisiae as a model. Peter Walter\'s group at the University of California, San Francisco and my group (first at the University of Texas Southwestern Medical Center in Dallas, with Mary-Jane Gething and Joe Sambrook, and then at the HSP Research Institute in Kyoto, Japan, with Takashi Yura) identified Ire1, a type I transmembrane protein in the ER, as the sensor and transducer of the ER stress signal ([@B3]; [@B12]) and then Hac1, a basic leucine zipper (bZIP) protein, as the transcription factor responsible for yeast UPR ([@B4]; [@B11]). The events in the ER and nucleus were connected by Ire1-dependent unconventional (spliceosome-independent) splicing of *HAC1* mRNA; Hac1 is translated only from spliced *HAC1* mRNA ([@B2]; [@B7]).

While working with yeast, however, we wanted to go back to mammals, and in 1995 recruited the talented Hiderou Yoshida to this project at the HSP Research Institute. We thought that the difficulty in analyzing mammalian UPR was because the real *cis*-acting element responsible for the mammalian UPR had not been identified, in marked contrast to the yeast UPR, in which we identified the *cis*-acting UPR element necessary and sufficient for transcriptional induction of yeast ER chaperones, allowing us to perform a genetic analysis ([@B13]). Although the literature at that time said that elements A and B were both present in mammalian ER chaperone promoter and that both participated in the induction of the ER chaperone gene, the involvement of plural elements could not explain the coordinated induction of a dozen ER chaperones. Hiderou immediately noticed that these were not in an A/B relationship, but rather an A/A\' relationship: that is, the mammalian element was duplicated or triplicated with several changes in nucleotide sequence. He succeeded in extracting a consensus sequence CCAAT-N9-CCACG and demonstrated that this single ER stress-response element (ERSE) is indeed responsible for the transcriptional induction of a number of ER chaperones in response to ER stress ([@B23]).

Once this *cis*-acting element was identified, we were able to apply one-hybrid screening, which was used when I cloned yeast Hac1. From 6 million clones, Hiderou obtained two positive clones that both encoded bZIP protein, namely, activating transcription factor (ATF)6 and XBP1 ([@B23]). Hiderou and Kyosuke Haze then decided to split the work, with Hiderou concentrating on XBP1 and Kyosuke on ATF6. Hiderou was later to discover that XBP1 is a functional counterpart of yeast Hac1 ([@B24]). ATF6 is a protein of 670 amino acids and its basic region shows significant similarity to that of yeast Hac1. Regrettably, however, its mRNA did not seem to be spliced in response to ER stress, and it is therefore not a direct homologue of yeast Hac1. We raised an antibody against ATF6 and analyzed the behavior of endogenous ATF6 before and after ER stress, but the results Kyosuke obtained were puzzling.

Although no ATF6 band was detected under unstressed conditions, as is also the case with Hac1, a band was detected after the addition of ER stress inducers such as tunicamycin, calcium ionophore A23187, and thapsigargin, again, similarly to Hac1. Importantly, this band was not detected in heat-shocked cells, suggesting the involvement of ATF6 in mammalian UPR. Embarrassingly, however, the band was much smaller (50 kDa) than the expected molecular mass (∼80 kDa). In contrast, transfection of *ATF6* cDNA into cells produced both 90- and 50-kDa bands. We suspected that full-length ATF6 protein might be translated from overexpressed *ATF6* mRNA, but not from endogenous *ATF6* mRNA (overexpression might overcome the translational block of *ATF6* mRNA, as in the case of yeast *HAC1* mRNA), but we still needed an explanation for the 50-kDa band; it looked like a protein had been spliced. We sought the missing 40-kDa portion by making various truncations, but the results were obscure and confounding. The exasperating search continued for six long months.

The answer finally hit us during a team discussion. It turned out that Kyosuke had used different methods to make the protein extract for Western blot. When he analyzed endogenous ATF6, he freeze-thawed the sample cells a couple of times, centrifuged them, and used the resulting supernatant, on the basis that as a transcription factor, ATF6 must of course be a soluble protein. But when he analyzed transfected ATF6, he lysed transfected cells with SDS sample buffer, because the small-scale cell culture used for transfection did not provide enough cells for freeze and thaw. The missing endogenous 90-kDa protein was recovered in pellets after freeze-thaw, and indeed found after lysing the pellet with SDS sample buffer. Kyosuke is a brilliant man, but his preconceived idea on a transcription factor kept us in the dark for half a year!

ATF6 was originally cloned as one of eight partial cDNAs (ATF1--8) encoding bZIP protein ([@B5]). Full-length *ATF6* cDNA was cloned as a cofactor of serum response factor ([@B25]). ATF6 had been thought to be a soluble nuclear protein until we found that it contains a hydrophobic stretch immediately C-terminal to the bZIP domain ([Figure 1](#F1){ref-type="fig"}B), which anchors ATF6 in the ER membrane ([Figure 1](#F1){ref-type="fig"}A). Inspired by Brown and Goldstein\'s elegant work on sterol regulatory element-binding protein, which is responsible for cholesterol homeostasis ([@B1]), these findings gave us the exciting idea that ATF6 is an ER membrane-bound transcription factor activated by ER stress-induced proteolysis.

![Mammalian transcription factor ATF6 is synthesized as a transmembrane protein and activated by proteolysis in response to ER stress. (A) Indirect immunofluorescence analysis. Unstressed HeLa cells were fixed and stained with anti-ATF6 antibody (a), anti-KDEL antibody (b), or 4′,6-diamidino-2-phenylindole (DAPI) (c). Bar, 10 μm. (B) Schematic structure of ATF6 consisting of 670 amino acids. The positions of the serine cluster, basic region, and leucine zipper as well as the transmembrane domain are indicated. Three potential glycosylation sites are also shown schematically. The hydropathy index was calculated by the method of [@B9]. (C) Model for ER stress-induced activation of ATF6. ATF6 is constitutively synthesized as a precursor protein designated pATF6(P) that anchors in the ER membrane through the single transmembrane domain near the center of the molecule. ER stress-induced proteolytic cleavage of pATF6(P) releases the N-terminal fragment designated pATF6(N) containing basic leucine zipper and transcriptional activation domains. pATF6(N) translocates into the nucleus and activates transcription of genes encoding ER chaperones by binding to *cis*-acting ERSE present in their promoter regions.](zmk0091094270001){#F1}

Now the puzzle was solved. The 50-kDa form Kyosuke observed was an N-terminal fragment of ATF6. So, ATF6 was constitutively synthesized as a type II transmembrane protein of 90 kDa in the ER (glycosylation in the luminal region increases the apparent molecular mass of ATF6 over its estimated molecular mass of ∼80 kDa), designated pATF6(P), which is converted to a soluble nuclear protein of 50 kDa in response to ER stress. This pATF6(N), containing all the hallmarks of an active transcription factor, enters the nucleus and activates the transcription of ER chaperone genes via binding to ERSE ([Figure 1](#F1){ref-type="fig"}C). We wrote a paper and submitted it to *Molecular Biology of the Cell* in November 1998. The reviewers asked us to purify our anti-ATF6 antibody to ensure its specificity as well as to demonstrate a direct precursor/product relationship by a pulse chase experiment, because ATF6 was the second membrane-bound transcription factor identified at that time (thanks to the subsequent identification of many other membrane-bound transcription factors, cycloheximide chase experiments are now allowed). So, our work was not yet finished. The paper was accepted after three revisions and finally published in the November 1999 issue of *Molecular Biology of the Cell* ([@B6]).

Our finding that mammalian ER expresses more ER stress sensor/transducers than yeast ER has given our identification of ATF6 a particular impact in the field. Although yeast cells cope with ER stress by activating the single Ire1-Hac1 pathway, Randy Kaufman\'s and David Ron\'s laboratories identified mammalian homologues of yeast Ire1 as IRE1α (ubiquitously expressed) and IRE1β (expressed only in the gut), respectively ([@B20]; [@B21]). David Ron\'s laboratory also identified an additional ER stress sensor/transducer, designated protein kinase-like ER kinase (PERK), which is responsible for ER stress-induced translational block. By expressing PERK, metazoan (but not yeast) cells are able to decrease the burden on the ER when the protein folding environment is compromised under ER stress conditions. By 1999, these various findings showed that mammalian ER expressed three types of ER stress sensors/transducers. Later, we showed that ATF6 is necessary and sufficient for the transcriptional induction of ER chaperones and is also required for transcriptional induction of ERAD components in response to ER stress ([@B15]; [@B22]). ATF6 is thus the most important ER stress sensor/transducer in regulating the level of ER quality control proteins in mammals. We have recently produced mouse anti-ATF6 monoclonal antibodies that can detect both endogenous pATF6(P) and pATF6(N) in human and mouse cells and made them available through BioAcademia (<http://www.bioacademia.co.jp/>).
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